Background: HERG (human ether-a-gogo related gene) encodes the cardiac rapidly activating delayed rectifier potassium currents (I kr ), which play an important role in cardiac action potential repolarization. General anesthetics, like halothane, can prolong Q-T interval, suggesting that they act on myocellular repolarization, possibly involving HERG channels. Evidence for direct modulation of HERG channels by halothane is still lacking. To gain insight on HERG channel modulation by halothane the authors recorded macroscopic currents expressed in Xenopus oocytes and conducted non-stationary noise analysis to evaluate single channel parameters modified by the anesthetic.
HERG (human ether-a-go-go related gene) encodes the pore-forming subunits that conduct the rapidly activating delayed rectifier K ϩ current (I Kr ) in cardiac myocytes, which play an important role in repolarization of action potentials. [1] [2] [3] [4] [5] Modulation of HERG can induce long QT syndrome (LQTS), which is characterized by a prolonged Q-T interval in the electrocardiogram (ECG) and predisposes affected persons to fatal arrhythmias. 6 -8 A variety of common clinically used medications exert cardiotoxic effects by blocking I Kr and the HERG chan-nel and cause an excessive prolongation of the Q-T interval, leading to an acquired form of the LQTS. 9 General anesthetic agents can also influence cardiac action potentials. 10 -14 Evidence has shown that general anesthetic agents modulate I Kr currents and cause marked effects on ventricular repolarization in guinea pig and rabbit hearts. 10 -14 In halothane-anesthetized dogs, a remarkable transient increase in mid-myocardium action potential duration was detected, which lead to a transient increase in transmural dispersion of repolarization and torsades de pointes. 15 In some patients, halothane and sevoflurane were shown to increase QT dispersion (defined as the difference between QT [max] and QT [min] in the 12-lead surface ECG, which reflects regional variations in ventricular repolarization) and QTc dispersion (QTc indicates Q-T interval corrected by heart rate), which shows that both agents can cause myocardial repolarization abnormalities. 16 -18 These facts suggest that these agents may induce side effects through action on myocellular repolarization and that they would do so by interaction with I Kr currents, which are conducted by HERG channels. Yet, data to support that the HERG channel is directly modulated by general anesthetic agents are still lacking. To understand the mechanisms involved in these general anesthetics' side effects, we studied the effects of halothane on HERG channels expressed in Xenopus laevis oocytes. We used the cut-open oocyte Vaseline gap (COVG) voltage clamp technique to address effects on macroscopic properties of HERG currents and the patch clamp technique to identify changes in single-channel properties using nonstationary noise analysis. We found that halothane inhibits HERG currents in a concentration-dependent manner primarily by differential modulation of the rates of current activation and deactivation. The observed changes in kinetic properties are the probable cause for the decreased open probability we found with mean-variance analysis.
Materials and Methods

Materials
Frogs (Xenopus laevis) were purchased from either Xenopus I or Xenopus Express. Halothane was purchased from Halocarbon Laboratories, Inc. (River Edge, NJ). All other chemicals were from Sigma (St. Louis, MO).
HERG Channel Clones and cRNA Transcription
The cDNA for HERG used in this study was a generous gift by Dr. Steve Goldstein, M.D., Ph.D. (Professor, De-partment of Pediatrics and Cellular and Molecular Physiology, Boyer Center for Molecular Medicine, Yale University, New Haven, CT). The cDNA was transcribed with the commercial SP6 mMessage mMachine kit (Ambion, Austin, TX). The integrity of the transcribed RNA was assessed in agarose gels, and the concentrations were measured spectrophotometrically.
Oocytes
Xenopus laevis oocytes were isolated from frog ovaries, following conventional protocols. 19 Oocytes were defolliculated by collagenase treatment (collagenase type A, GIBCO BRL) in Ca 2ϩ -free Ringer's solution (Ca 2ϩ -free OR-2: 82.5 mM NaCl, 2.5 mM KCl, 1 mM MgCl2, 5 mM HEPES, pH 7.0 with NaOH), followed by a progressive change to the normal frog Ringer's solution containing 1.8 mM Ca 2ϩ . Defolliculated oocytes were kept in Ringer's solution (standard oocyte solution) that consisted of 100 mM NaCl, 2 mM KCl, 1mM MgCl 2 , 1.8 mM CaCl 2 , 5 mM HEPES-Na, and gentamicin 50 g/ml, pH 7.2. RNA samples (0.1-0.2 ng/nl or 2 ng/nl) were injected into the oocytes within 24 h of isolation. The injected oocytes were used for study 3-7 days after injection. All animal procedures were approved by the Animal Research Council at the University of California, Los Angeles.
Recording Solutions
Macroscopic currents were recorded in external solution 5 KMS (5 mM potassium methane sulfonate [KMS], 115 mM sodium methane sulfonate [NaMS], 0.5 mM CaCl 2 , 1.3 mM MgCl 2 , 10 mM HEPES-Na, pH 7.2) and with internal solution 120 KMS (120 mM KMS, 10 mM HEPES-K, 1 mM EGTA-K, pH 7.2). For non-stationary noise analysis, currents from macropatches were recorded with the 120 KMS solution in bath and pipette. Anesthetic solutions were prepared by vaporizing halothane into the bath solution with a clinical vaporizer (Orchard Park, NY) in an equilibrator (R.S. Weber and Associate, Westlake Village, CA) for 30 min to final concentrations of 0.7 vol% (0.3 Ϯ 0.01 mM), 1.5 vol% (0.7 Ϯ 0.01 mM), and 3% vol% (1.5 Ϯ 0.03 mM), approximately equivalent to 1, 2, and 4 minimum alveolar concentration (MAC), respectively. Equilibrated solutions were collected into gas-tight syringes and delivered through Teflon tubing by a gravity-fed perfusion system. Anesthetic concentrations were determined by headspace sampling with a gas chromatograph (Hewlett-Packard HP 6890 with headspace sampler HP 7694; Hewlett-Packard, Wilmington, DE) from an aliquot of the anesthetic-containing solution withdrawn directly from the equilibration chamber.
Electrophysiology
Macroscopic currents were recorded using the COVG voltage clamp technique. 20 The technique, described elsewhere, 20 -21 greatly improves the temporal resolution over that of the conventional two-electrode voltage clamp. The currents are recorded from an area of the oocyte equivalent to one-fifth to one-fourth the total surface. Custom-made software and hardware are used for acquisition and analysis of data. Electrodes filled with 3 M KCl had a resistance of 0.2-0.5 M⍀ when measured in the bath solution.
For non-stationary noise analysis, macropatch currents were recorded with the patch clamp technique, using an Axopatch 200A amplifier (Axon Instruments, Inc., Union City, CA) controlled by a custom-built acquisition system. Data were acquired by sampling at 20 kHz and filtered at 10 kHz. Macroscopic currents were recorded in cell-attached patches. Patch electrodes were pulled (Micropipette Puller, Sutter Instruments Corp., Novato, CA) from 7052 capillaries (Garner Glass Co., Claremont, CA). Heat-polished pipette tips had resistance of 1.0 -2.0 M⍀ when filled with 120 KMS.
Mean and variance of the mean were calculated using custom-made software. For this, 150 records were used to construct the mean under each experimental condition. Leak was subtracted off-line with subtraction pulses collected throughout the run. The variance of the records with respect to the mean current was computed by pairs to compensate for time-dependent shifts in the mean. [22] [23] The relation between mean and variance is described by the equation: 2 ϭ iI Ϫ I 2 /N, where for any given potential, 2 is the variance, i, the single channel current, I, the macroscopic mean current, and N, the number of channels. Values for N and i are then estimated from the fit of the variance versus mean data to the equation above. Because at any given time, I(t) ϭ NiP o (t), where P o is the probability of opening, the apex of the parabola that relates the variance to the mean is at the point at which the probability of opening is 0.5; at either end, P o ϭ 0 or P o ϭ 1, the variance is zero. There are two important issues that need to be mentioned. First, to get the most accurate estimates of N, the P o should be as high as possible, the reason for which we chose to run the mean variance analysis of tail currents. Second, although not a quantitative measure, an increase in P o can be visualized directly from the plot of the variance versus the mean. The limiting value of P o shown in the tables was calculated from I ϭ NiP o where, in this case, I is the peak value of the mean current during the pulse, and the values of N and i were obtained from the fit of the variance-mean plot as described above. The single-channel conductance, ␥ o , was calculated from the relation: i ϭ ␥ o (VϪV rev ), where i is the single-channel current estimated from the mean-variance analysis, V is the pulse potential, and V rev is the reversal potential, which in 120 mM external K ϩ is close to 0 mV. All experiments were conducted at room temperature (21-23°C).
Statistics
Data analysis was performed with Analysis (custom made) and Sigmaplot 5.0 (SPSS Inc. Jandel Scientific, San Rafael, CA) software. A nonlinear least-square curve fitting was used to perform curve-fitting procedures. Group data are expressed as mean Ϯ SEM. Differences between control and treatment in a group were evaluated using paired t test. Differences between groups were evaluated using Student t test. A two-tailed P value less than 0.05 was taken as statistically significant.
Results
Inhibition of HERG Currents by Halothane
In the oocytes injected with HERG mRNA, typical currents were elicited by depolarizing pulses from a holding potential of Ϫ80 mV ( fig. 1A ). HERG currents activated at potentials greater than Ϫ60 mV reached a peak at around Ϫ10 mV and then decreased at more positive potentials, giving the standard I-V relationship a typical bell-shaped appearance ( fig. 1B ). The tail current on going back to Ϫ40 mV ( fig. 1A) , after the stimulating pulse had been completed, increased with depolarizing voltages and reached a plateau value at test potentials positive to ϩ20 mV ( fig. 1C ). The macroscopic currentvoltage (I-V) and conductance-voltage (G-V) plots in figure 1 show the average of 10 experiments performed before, during, and after treatment with 1.5% halothane. Halothane decreased pulse and tail current amplitudes for all test potentials positive to Ϫ40 mV.
Halothane significantly decreased macroscopic HERG currents in a concentration-dependent manner as deter-mined from standard current-and conductance-voltage relations (figs. 1 and 2). Figure 2A shows sample traces before and after treatment with 0.7%, 1.5%, and 3% halothane. The anesthetic induced a differential decrease in pulse and tail current amplitudes at the test pulse to Ϫ10 mV and going back to Ϫ40 mV. The maximum current at Ϫ10 mV decreased by 10.7 Ϯ 4.3%, 19.7 Ϯ 4.3%, and 29.4 Ϯ 1.3% (fig. 2B), and peak tail current on repolarization to Ϫ40 mV from the depolarizing pulse to Ϫ10 mV was reduced by 10.1 Ϯ 2.7%, 19.4 Ϯ 3.5%, and 32.5 Ϯ 3.6%, respectively, in the presence of 0.7%, 1.5%, and 3% halothane. This inhibitory effect is specific to halothane because perfusion with the bath solution alone had no effect on HERG currents, and the effects were partially reversed by washout of the drug ( fig. 1 ). To better understand this inhibitory effect of halothane, we investigated possible voltage-dependent block of HERG channels by comparing the G-V curves (inset fig. 1C ). When individual peak test or tail currents were normalized to the maximal control amplitude, we did not find significant changes in the shape of the I-V relationships (not shown) and did not observe a significant shift of the mid-activation fit to the G-V curves normalized to their respective peak values. Further, the fraction of peak test and tail currents inhibited by halothane did not change significantly with test voltage (figs. 2B and C). Taking the mean value for all voltages in the range of Ϫ40 mV to 40 mV, the respective average reductions in the presence of 0.7%, 1.5%, and 3% halothane were 14.0 Ϯ 1.4%, 21.7 Ϯ 1.9%, and 34.5 Ϯ 2.0% as measured from peak test currents (fig. 2B) and 10.3 Ϯ 1.1%, 20.6 Ϯ 1.4%, and 31.7 Ϯ 0.4% as determined from tail currents ( fig. 2C ). From these results, we concluded that the drug did not exert a significant voltage-dependent block on HERG.
Because the effect of halothane on I-V and G-V curves, measured as shown in figure 1A , was determined while inactivation of the channel had already developed, we investigated if halothane exerted its effect by specific action on the inactivated state by studying the blocking effect of halothane after removal of inactivation. The protocol used is depicted in the inset of figure 3A in which a 2-s prepulse to 20 mV (used to open the chan-nels) was followed by a short 15-ms pulse to Ϫ120 mV (a pulse long enough for rapid recovery from inactivation, but short enough to prevent significant deactivation), after which, a family of test pulses to the potentials ranging from Ϫ150 mV to 20 mV was applied ( fig. 3 ). Figure 3A shows families of curves before and after halothane obtained in this manner. Halothane exerted its inhibitory effect along all the voltage range from Ϫ150 to 20 mV, with an average block of 14.0 Ϯ 0.8%, 25.3 Ϯ 0.4%, and 37.4 Ϯ 0.4%, respectively, in 0.7%, 1.5%, and 3% halothane (P Ͻ 0.05, fig. 3 ). The results indicated that halothane could exert its effect in the absence of inactivation.
Fig. 2. Concentration dependence of current inhibition. (A)
Sample data before and after 0.7%, 1.5%, and 3% halothane treatment. Currents shown were obtained pulsing to ؊10 mV and then to ؊40 mV. For comparison, all traces were normalized to the control at 1.5% halothane. (B) The plot shows the average current block by 0.7%, 1.5%, and 3% halothane as a function of test potential. For depolarizations between ؊40 mV to ؉40 mV, the average block was 14.0 ؎ 1.4%, 21.7 ؎ 1.9%, and 34.5 ؎ 2.0% for 0.7%, 1.5%, and 3% halothane, respectively. (C) Average tail current block at ؊40 mV after treatment with 0.7%, 1.5%, and 3% halothane as a function of the depolarizing test potential. The average block within the range ؊40 mV to 40 mV was 10.3 ؎ 1.1%, 20.6 ؎ 1.4%, and 31.7 ؎ 0.4% with 0.7%, 1.5%, and 3% halothane. 
Modification of HERG Channel Kinetics
To further characterize and understand the inhibitory effect of halothane on HERG channels, we specifically investigated changes in channel kinetics induced by the anesthetic. First, we studied effects on channel activation. The time course of current activation was fit to a single exponential relaxation for test potentials in the range of Ϫ50 mV to 40 mV. Halothane decreased the rate of activation of HERG currents ( fig. 4 ). Relative to the control, HERG currents after halothane treatment activated more slowly with time constants increased by 12.7 Ϯ 10.7%, 28.5 Ϯ 11.4%, and 35.1 Ϯ 9.9% at Ϫ10 mV, and by 23.4 Ϯ 13.0%, 100.4 Ϯ 20.4%, and 167.8 Ϯ 15.4% at 10 mV during perfusion of 0.7%, 1.5%, and 3% halothane, respectively (see also table 1). To determine the time constant of current deactivation, a 2-s pre-depolarizing pulse to 20 mV was used to fully open the channels; a family of test potentials then was given, and tail current decay was fitted to double exponential functions at potentials ranging from Ϫ50 mV to Ϫ150 mV. Halothane significantly altered the deactivation rate of the tail current, accelerating the fast component of current deactivation. Time constants decreased by 14.7 Ϯ 3.6%, 20.2 Ϯ 2.7%, and 26.2 Ϯ 5.0% at Ϫ120 mV with perfusion of 0.7%, 1.5%, and 3% halothane, respectively (table 1) . Differences were significant between Ϫ10 mV and 40 mV for activation (P Ͻ 0.05) and in the range of Ϫ150 mV and Ϫ80 mV for deactivation (P Ͻ 0.05). Both changes would produce an apparent reduction in current amplitude.
In addition, we also observed changes in the onset of inactivation during perfusion of halothane. The oocytes were first depolarized to 20 mV for 2 s to inactivate the channels, and after a brief 15-ms repolarizing pulse to Ϫ120 mV to induce rapid recovery from inactivation without introducing significant deactivation, a train of test pulses from Ϫ150 mV to 60 mV was given to force the channels previously inactivated to reactivate. The time course of the current decay during the more positive test pulses, therefore, represents the onset of inactivation. We tested for the effects of halothane on the onset of inactivation by fitting these currents to a single exponential decay. We found that halothane also could accelerate the calculated macroscopic time constants for the onset of inactivation for all test potentials. The differences were significant to P less than 0.05 (see data in fig. 5 and table 2) .
Changes in Steady-state Inactivation of HERG Channels
The steady-state inactivation of the channels was studied using a double-pulse protocol with varying interpulse potential amplitude. First, a prepulse to 20 mV for 2 s was used to fully activate and inactivate the channels, followed by a brief 15-ms interpulse, ranging from Ϫ120 mV to 60 mV (this brief pulse was long enough for rapid recovery from inactivation, but short enough to prevent significant deactivation or for significant additional inactivation, depending on the step potential), and finally followed by a test pulse to 20 mV. Currents were measured immediately after the 15-ms pulses. As previously mentioned, the maximal amplitude of the current during the test pulse to 20 mV represents the number of channels not inactivated during the interpulse. To obtain a reliable measure of the maximal current, we extrapolated each single exponential fit of the currents to the end of the repolarizing interpulse. This procedure enabled us to minimize the contribution of the capacitive current to our measurements. The voltage dependence of steady-state inactivation was operationally defined as the amplitude of the extrapolated peak current against the interpulse potential ( fig. 6 ). We could see that halothane, wash, and control data superimpose for most of the voltage range up to Ϫ60 mV. At potentials negative to Ϫ60 mV, currents in halothane were clearly smaller relative to the control, and the currents at Ϫ120 mV were 81.8 Ϯ 2.3%, 74.9 Ϯ 3.4%, and 60.3 Ϯ 3.1% of control with 0.7%, 1.5%, and 3% halothane. This would indicate that fewer channels recover from inactivation in the presence of the anesthetic agent. Alternatively, it could be a consequence of faster deactivation kinetics as shown in figure 4 .
Nonstationary Noise Analysis of Macroscopic Tail Currents
Noise analysis is a powerful tool to investigate singlechannel properties from macroscopic current recordings because it yields reliable quantitative estimates of single-channel parameters. 23 For a homogeneous population of statistically independent channels, the mean current, I(t), and the current variance, I (t) 2 , are given ) , i (the single-channel current amplitude) and N (the number of channels) can be determined by fitting mean-variance data according to 2 ϭ iI Ϫ I 2 /N. During a depolarization, HERG channels inactivate much faster than they activate, and the currents of the fully open channels during depolarizing pulses usually cannot be recorded. A better estimate of the currents can be obtained on quick repolarization after depolarizing pulses because recovery from inactivation is much faster than deactivation of the channels. Considering these specific properties of HERG channels, we analyzed the non-stationary noise of tail currents. We used double-pulse protocols to perform the tail current noise analysis, i.e., a 1-s depolarizing pulse to 40 mV was given to fully open (and inactivate) the channels, and then a test pulse to Ϫ140 mV was generated to induce tail currents. Consistent with the data obtained from COVG recordings, 1.5% halothane significantly decreased the tail currents by an average of 27.7% and accelerated the fast component of deactivation by 13%. Figure 7 provides an example of non-stationary noise analysis of macroscopic tail currents. In this experiment, 1.5% halothane did not significantly affect the 
Discussion
HERG subunits coassemble to form channels that conduct a delayed rectifier K ϩ current (I Kr ) important for repolarization of cardiac myocytes. [1] [2] [3] [4] [5] Several lines of evidence suggest that volatile anesthetic agents may induce abnormalities in cardiac repolarization. 10 -18 Because I Kr is a principal repolarizing current in cardiac myocytes and little is known how general anesthetic agents affect I Kr currents, we used HERG as a cloned I Kr channel to explore actual effects of halothane on this channel in the virtual absence of other contaminating currents. In the present study, we demonstrated that different concentrations of halothane (0.7%, 1.5%, and 3%) significantly reduced the conductance of HERG channels expressed in Xenopus oocytes. The kinetic analysis revealed that halothane decreased current activation rate constants and increased current deactivation and inactivation rate constants in the same concentration-dependent manner, consequently causing smaller macroscopic currents. A finding of this work is that coexpression of no other subunits is required to observe halothane effects on HERG currents.
A decreased macroscopic conductance can result from a decrease in the single-channel conductance, ␥ o , in the number of channels in a patch, N, or the probability of opening, P o . The results presented in this article ( fig. 7 and table 3), obtained with non-stationary noise analysis, showed that halothane did not induce significant changes in the single-channel current amplitude nor in the number of channels present in the patches. In contrast, halothane induced a significant decrease in the P o of the channels. Consistent with previously reported values of HERG average P o , 24 our results also indicated that the HERG channel exhibits a low P o , usually less than 0.5. To obtain reliable data from the mean-variance analysis, we designed conditions to optimize the probability of opening. Under these conditions, the P o was greatly increased to values closer to 0.5 (the apex of the parabola), but even under optimal conditions, the mean peak probability of opening of HERG channels was low (0.41 Ϯ 0.05). This is, in part, the result of contamination by incomplete recovery from inactivation and developing deactivation while the channels transit from the high P o state at 40 mV to the low P o state at Ϫ140 mV. Thus, in the presence of inactivation, the maximum P o will be underestimated. Using single-channel data from HERG channels expressed in Xenopus oocytes, Zhou et al. 24 reported average probabilities of 0.011 at 40 mV and of 0.17 for the first 600 ms on return to Ϫ90 mV. The average probabilities, which are determined over time, are expected to be lower than that reported here for the limiting P o at Ϫ140 mV because of the respective contribution of inactivation during the pulse to 40 mV and of recovery from inactivation and deactivation on repolarization to Ϫ90 mV. Regardless, the result that halothane further reduces the P o is consistent with an acceleration of channel deactivation.
As mentioned above, the single-channel current was not greatly affected by 1.5% halothane, and, hence, the calculated single-channel conductance, ␥ o , was unchanged by the anesthetic agent. The control value of ␥ o obtained here was 30% higher (15.8 pS vs. 12.1 pS) than that reported previously by Zhou et al. 24 for the HERG channel in the same external potassium concentration. Because the ␥ o reported in this article was calculated from the average fitted single-channel current obtained for a single voltage value at an extreme negative potential (Ϫ140 mV), it is not surprising that there would be a discrepancy; nonetheless, the values are within the same order of magnitude. The findings with mean-variance analysis along with the observations from macroscopic recordings support the idea that the main effect of halothane is to modulate the kinetic properties of HERG channels in the direction of reduced overall macroscopic conductance. The marked acceleration of deactivation and inactivation in halothane The concentrations of halothane used in this study, 0.7, 1.5, and 3 vol%, are close to 1, 2, and 4 MAC for halothane. At all concentrations, we found a decreased conductance and altered current kinetics, particularly at high concentrations (2 and 4 MAC). Although the effects described here, which are at concentrations equal to 1 MAC or more, are likely to occur during general anesthesia, most clinically used concentrations of halothane are held close to 1 MAC. At this concentration, the effect of halothane is rather small relative to that observed in 2 or 4 MAC; however, the effect would become more or less significant if concomitantly other depolarizing and repolarizing currents are affected by the anesthetic agent. Sodium and calcium currents, respectively the main depolarizing currents for the initiation of the action potential and during the plateau phase of the cardiac action potential, are depressed by halothane, 25-27 so it is not unlikely that at 1 MAC or less, the effects of halothane on I Kr could be masked by an overall reduced cellular depolarization. Conversely, because I Kr is not the only current to be affected by the anesthetic, even small effects may contribute to the overall loss of rhythmic function. In addition, if the many factors that influence cardiac function in clinical conditions are considered, the risk for repolarization abnormalities increases when factors that decrease potassium flux act concurrently to impair the ability of the myocardium to repolarize. Wellrecognized conditions that diminish "repolarization reserve" include female gender, hypokalemia, and drugs that inhibit cardiac potassium channels. So in these cases, clinically relevant doses or even low doses could further damage the repolarization of myocardium.
Conclusion
Taken together, our results demonstrate that the volatile anesthetic halothane could inhibit HERG currents in a concentration-dependent manner and that it appeared to modulate kinetic properties of the HERG channel, i.e., slowing activation and accelerating deactivation and inactivation of HERG channels. Non-stationary noise analysis indicated that halothane decreased the macroscopic conductance by decreasing the open probability of the channels. These results suggest that inhibition of HERG currents may contribute to an altered cardiac electrophysiology in some patients during halothane anesthesia.
